The role of metal-support interaction in determining CO2 activation and conversion for methane production was examined over (CeO2, TiO2 and SiO2) supported Ni nanoparticles.
Introduction
Metal-oxide interface, a phase boundary formed by strong bonding interaction between metal and oxide crystallites, is a region of special catalytic activity in heterogeneous supported metal catalysis [1] [2] [3] [4] . Experimental (STM, XPS, UPS, EELS and STEM) and theoretical (DFT) studies have demonstrated a number of interfacial effect including charge transfer, cluster stabilisation and decoration/encapsulation of metal nanoparticles on oxide supported metal catalysis [5] [6] [7] [8] [9] [10] . Notably decoration/encapsulation of metal nanoparticles by reducible oxide layers, as a typical case of strong metal-support interaction (SMSI), has been identified as a means of tuning metal-catalyst reactivity [10] [11] [12] . CO2 hydrogenation rate can be controlled in methanol production over CeOx/Cu (111) via adjusting coverage of Cu (111) surface by depositing CeOx layer, where complete coverage of Cu (111) blocked the metal surface and rendered the catalyst inactive [12] . Moreover, SMSI-induced metal encapsulation has been found to control reaction selectivity via modification of the encapsulation layers.
Matsubu et al. [13] have demonstrated an atom-scale porous support oxide layer on Rh nanoparticles allowed small molecules for an access to the metal surface and induced a selectivity switch from CH4 on bare Rh particles to CO production in CO2 reduction.
The existing studies associated with metal-oxide interaction in supported metal catalysis has been focusing on decoration of noble metals (Rh [14] [15] [16] , Ru [17, 18] , Pt [19] [20] [21] , Au [22] [23] [24] ) with less attention on non-noble metals (e.g., Ni and Co). Ceria is an example of an active oxide that is widely used as support due to surface deficiencies in heterogeneous catalysis [25] . Metal nanoparticle is facile to form interaction with ceria [4] . Nickel is a typical transition metal catalyst. In this study, we consider (non-noble) metal-oxide interface by high temperature (673-973 K) treatment of Ni impregnated on CeO2 in H2 and the effect of tuning metal-oxide interaction on the morphology of the supported Ni nanocrystallites.
The methanation of CO2 for methane production is of great significance in terms of storage of excess hydrogen derived from biomass, reduction of CO2 emission and production of natural gas [26] . CO2 methanation has been studied over Ni catalysts supported on oxides [27] [28] [29] .
Activation of CO2 for cleavage of the C=O bond is crucial in determining the methanation efficiency [30] . However, the catalytic species for CO2 activation are less than well understood. In this study, we examine the role of metal-support interaction in determining CO2 adsorption/activation/conversion in methanation over Ni nanoparticles on reducible (CeO2 and TiO2) and non-reducible (SiO2) supports. Ni sintering and carbon formation was considered for the catalyst stability.
Experimental

Materials and Catalyst Preparation
Commercial CeO2 (Sigma-Aldrich), TiO2 (P25, Sigma-Aldrich), fused SiO2 (Sigma-Aldrich) and NiO (Alfa Aesar) were used as received. The supported (5wt%) Ni catalysts were prepared by wet-impregnation. The supports (5 g) were added to aqueous solution of Ni(NO3)2 (Alfa Aesar, 98%, 9  10 -2 M, 50 cm 3 ) and stirred (500 rpm) at room temperature overnight. The solid was obtained by evaporation and dried in air at 393 K overnight. The resultant samples were sieved (ATM fine test sieves) to mean particle diameter = 75 μm, activated at 10 K min -1 to 723-973 K in 10 cm 3 min -1 H2, cooled to ambient temperature and passivated in 1% v/v O2/N2 for 1 h for ex situ characterisation (including N2 physisorption, XRD, UV Raman and TEM).
Catalyst Characterisation
Nitrogen physisorption was performed on the Micromeritics ASAP 2020 system and total specific surface area (SSA) calculated using the standard BET method. Prior to analysis, samples were vacuumed and outgassed at 573 K for 1 h. Temperature programmed reduction (TPR) was conducted in a quartz tube cell. The sample was heated in 84 cm 3 min -1 5% v/v H2/Ar at 10 K min -1 to 723 K and held for 1 h. Hydrogen consumption was monitored by a thermal conductivity detector (TCD). X-ray diffractograms (XRD) were recorded on a Panalytical Empyrean X-ray diffractometer using Co or Cu Kα radiation. Samples were scanned at 0.01º step -1 over the range 20º ≤ 2θ ≤ 80º at ambient temperature and the diffractograms identified against the JCPDS-ICDD reference standards. Metal particle morphology (size and shape) was examined by high resolution transmission electron microscopy (HRTEM, JEOL 2100 LaB6), employing Gatan Digital Micrograph for data acquisition/manipulation. Samples for analysis were prepared by dispersion in ethanol and deposited on a holey carbon/Cu grid. XPS measurements of the reduced samples were performed on a Kratos Axis Ultra DLD spectrometer using a monochromated Al kα X-ray source. The samples were attached to electrically-conductive carbon tape and mounted on to a sample bar. The measurements were conducted at room temperature and at a take-off angle of 90°with respect to the surface parallel. The spectrometer work function and binding energy scale were calibrated using the Fermi edge and 3d5/2 peak recorded from a polycrystalline Ag sample prior to the commencement of the experiments. To avoid the possibility of differential charging, the samples were allowed to float and surface charging negated using a charge neutraliser. Ni 2p3/2, Ce 3d, Ti 2p and Si 2p spectra were collected. 
Catalyst Testing
The methanation reaction was carried out at atmospheric pressure and 473-773 K in situ after activation (673-973 K) in a continuous flow fixed bed tubular reactor (10 mm i.d. 
and product 'j' selectivity (Sj) is defined by:
CO2 consumption rate (RCO 2 , h -1 ) was obtained from:
where subscripts "in" and "out" refer to inlet and outlet gas streams. Turnover frequency (TOF, rate per active site) was calculated using:
D is the Ni dispersion (surface metal per total metal atoms) obtained from: 
Results and Discussion
Catalyst Characterisation
The physicochemical characteristics of Ni/CeO2, Ni/TiO2 and Ni/SiO2 (activated at 723 K) are given in ) that is consistent with that reported in the literature [33] [34] [35] . TPR profiles generated for Ni/CeO2, Ni/TiO2 and Ni/SiO2 can be compared in Fig. 1 [31, 40] .
The formation of NiO resulted from oxidation of metallic Ni when exposed to air [39] . Ni 2p3/2 spectrum of Ni/CeO2 (Fig. 3(AI) ) presented an additional core level peak at 856.9 ev with a satellite peak at 861.7 ev, which was a contribution of Ni 2+ species that was bonded with ceria (Ni-O-Ce) at the interface. Biesinger et al. [41] have attributed Ni 2p3/2 signals at 856.5 ev and 861.3 ev to Ni 2+ in NiCrO4. The spectrum of Ce 3d (AII) showed up to ten signal components due to various final state electron configurations [42] . The peaks (denoted ν, ν0, ν', ν" and ν'") were linked to Ce 3d5/2; while the signals (μ, μ0, μ', μ" and μ'") corresponded to Ce 3d3/2. Ce 4+ species generated peaks μ'" and ν'", μ'' and ν", μ and ν due to species. Spectra (CII) of Ni/SiO2 over the Si 2p BE region exhibited a signal at 104.6 ev due to SiO2. UV Raman spectra is an effective characterisation means to detect deficient sites in ceria [47] . Activated CeO2 and Ni/CeO2 was subjected to UV Raman measurement with spectrum shown in ) with greater oxygen vacancies formation.
Nickel particle morphology and metal-support interaction for the supported Ni catalysts (activated at 723 K) was evaluated by TEM. HRTEM image of Ni/CeO2 (Fig. 5A) presented hexagonal Ni nanoparticles (3-14 nm, mean = 8.7 nm) with perimeter in the range of 10-40 nm (Fig. S1A) . Atomic columns for Ni and Ce were clearly observed. Lattice fringe distance of Ni and CeO2 were 0.2 nm and 0.31 nm, corresponding to Ni (111) and CeO2 (111), respectively. We can note a few layers of the Ni surface were deficient, notably the left part of the Ni particle in the framed area, leading to exposure of ceria surface. Ni atoms were arranged in disorder with no clear atomic column due to surface dislocation, and surface defects (e.g., corners and holes) were formed on the Ni nanocrystallites (on the right side of the frame). Ni 2+ cations can penetrate into the lattices of CeO2 (110) and/or (111) facet by locating in vacant sites [49] . This incorporation resulted in formation of strong interaction between Ni and CeO2 following high temperature reduction in H2. In contrast to Ni/CeO2, Ni/TiO2 exhibited quasi-spherical Ni nanoparticles (B). The Ni particle size distribution was in the 5-13 nm range with a similar mean (9.4 nm) to that of Ni/CeO2 (Fig. S1B) . The lattice spacing (0.33 nm) is consistent with TiO2 (110) facet. An interphase boundary (dashed frame)
between Ni and TiO2 (110) was observed on Ni/TiO2. Ni/SiO2 (C) showed an appreciably wider size range of Ni particles (1-40 nm) with a mean size of 5.3 nm. No significant strong metal-support interaction was observed over Ni/SiO2. This is consistent with that metal nanoparticles on reducible oxide support is more facile to generate strong metal-oxide interaction than non-reducible support [13] .
Catalytic Response: Effect of Metal-Oxide Interface
Turnover frequency of CO2 (TOFCO 2 ) and CH4 selectivity with variation of temperature (473-523 K) in CO2 methanation is presented in Fig. 6 [52] . In this study, Ni/CeO2 exhibited appreciably higher TOFs than that recorded over Ni/TiO2 that bears similar Ni particle size and the values for Ni/SiO2 that shows smaller Ni particles ( Table 1 ). This suggests Ni particle morphology, support and/or metal-support interface effect, rather than Ni particle sizes, determine the hydrogenation of CO2 to CH4. The catalytic response of the physical mixtures of Ni + CeO2
and Ni/CeO2 + CeO2 was examined under the reaction conditions where the Ni content in the catalyst was kept constant and Ni/CeO2 : CeO2 = 1:1 (based on weight). There was no detectable conversion over the physical mixture of Ni + CeO2. This suggests physical contact of Ni particles with CeO2 has no catalytic activity for CO2 and/or H2 activation. Reaction over Ni/CeO2 + CeO2 mixture delivered exclusive selectivity to CH4 at a CO2 consumption rate similar to that recorded over Ni/CeO2 ( Table 2 ). This suggests incorporation of support as a physical mixture with Ni/CeO2 does not dramatically influence the overall catalytic activity, which is controlled by Ni/CeO2.
The interaction of CO2 and H2 with (CeO2, TiO2 and SiO2) supported Ni catalysts was examined in pulse reactions using temporal analysis of products. The response signals as a flux of the reactor effluent versus time are presented in Fig. 7 . The amount of CO2 leaving the reactor followed an increasing order: Ni/CeO2 < Ni/TiO2 << Ni/SiO2 < CeO2 < blank (I), suggesting a stronger adsorption of CO2 with Ni/CeO2. A small decrease in CO2 response over ceria relative to that in the blank testing demonstrates the support alone was not crucial in determining the adsorption of CO2. There was no significant difference in H2 uptake among the Ni catalysts (II). This implies the catalyst capacity for adsorption/activation of CO2 determines the methanation activity. CO was produced over Ni/TiO2 and Ni/SiO2. There was no detectable CH4 formation for all the catalysts. We can note the amount of CO generation matched CO2 consumption in the reaction over Ni/SiO2 (III), indicating complete reduction of CO2 to CO. The reaction over Ni/TiO2 generated a smaller amount of CO (relative to Ni/SiO2), appreciably lower than the CO2 consumption. No CO was detected over Ni/CeO2, suggesting Ni/CeO2 facilitated conversion of CO2 to a carbonaceous (e.g., formate)
intermediate that was adsorbed on the catalyst surface without further reaction with hydrogen to form methane under the pulse reaction condition where the feeding ratio CO2 : H2 = 1:1 was lower than the stoichiometry. Metal-oxide interface is a special region of active sites [3] .
Metal nanoparticle morphology determines the exposed active facets [53] . We consider a synergistic cooperation of hexagonal Ni nanocrystallites with metal-oxide interface enhanced the CO2 methanation rate over Ni/CeO2. CO2 is preferentially adsorbed/activated at the interface between Ni and CeO2. Hexagonal Ni nanocrystallites facilitate H2 activation/dissociation to atomic hydrogen that participates in CO2 hydrogenation to CH4.
Tuning Metal-Oxide Interaction
Reduction temperature impacts on metal particle morphology, support surface properties and the metal-support interaction, which in turn influences reactant adsorption/activation [54, 55] . Ni particle morphology and metal-support interaction of Ni/CeO2 (activated at 773 K and 973 K) was examined by HRTEM with representative images presented in Fig. 8 and Fig. S2 . reaction. This is consistent with the published study which has shown that high extent of encapsulation of Ru particles by TiOx sublayer largely decreased the CO2 methanation rate [56] . Moreover, Rodriguez et al. [6] reported that complete surface coverage of Cu (111) by reduced ceria did not show any activity in the CO2 hydrogenation to methanol. We consider higher coverage of Ni surface by reduced ceria layer due to decoration/encapsulation effect must decrease the interface boundary perimeter and exposed Ni surface, which consequently lowered catalytic capacity of Ni/CeO2 for activation of CO2 and/or H2. For a comparison, (TiO2 and SiO2) supported Ni catalysts were reduced at 723-973 K and tested in CO2 methanation. The CO2 conversion rate was decreased with increasing reduction temperature (Fig. 10) . TEM images of Ni/TiO2 activated at 973 K as a representative are shown in Fig. S3 .
Appreciably larger Ni particles (mean = 24.8 nm) due to agglomeration of Ni particles were observed post-reduction at 973 K relative to that (mean = 9.4 nm) at 723 K. The decreased activity at higher reduction temperature for reaction over Ni/TiO2 and Ni/SiO2 can be linked to large Ni particle sizes that decreased active surface area for CO2 and/or H2 activation. CH4
selectivity was similar to that observed in Fig. 6 . We can note that Ni/CeO2 still exhibited higher methanation rates than that recorded over (TiO2 and SiO2) supported Ni catalysts, suggesting the metal-oxide interfacial effect favoured CO2 methanation.
Catalytic stability
The long-term catalytic stability of Ni/CeO2 was examined in CO2 methanation (523 K); the time on-stream conversion and CH4 selectivity profile is presented in Fig. 11 . CO2 was exclusively converted to CH4 within 50 h. An initial loss of activity was observed with steady state attained after 10 h on-stream. The catalyst degradation in CO2 methanation has been linked to Ni sintering and carbon deposition [28, 57] . The spent catalyst was subjected to BET, TEM, XRD and TG-DTG to study the catalyst deactivation. The spent Ni/CeO2 showed a SSA (10 m 2 g -1
), close to that (11 m 2 g -1 ) recorded over the catalyst pre-reaction. HRTEM analysis ( Fig. 12(I) ) revealed a change in Ni particle morphology to the quasi- ). TG analysis of the spent Ni/CeO2 generated a signal response similar to that of the activated sample. The mass loss (0.40%) below 483 K can be attributed to water removal and/or desorption of adsorbed reactants/products (e.g., CO2, H2 and CH4). The weight increase within 483-683 K was lower (by 0.15%) than that recorded over the activated Ni/CeO2. There was no change in weight above 773 K, indicating no whisker carbon formation [59] . DTG analysis generated profiles for Ni/CeO2 pre-and post-reaction overlapped with each other. The change in weight did not vary with temperature, confirming there was no carbon deposit on catalyst surface post-reaction. Based on the characterisation results, the initial loss of activity can be principally attributed to a reconstruction of Ni nanoparticles to quasi-spherical morphology from hexagonal crystallites.
Conclusion
We have presented metal-support interaction governs CO2 activation/conversion for methane production over 
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